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PLANT PHYSIOLOGY FOE THE HIGH SCHOOL.
SECOKD PAPEE.

BY W. P. GANONG, PH. D.^
Professor of Botany in Smith College.

The first of these papers, in this journal for February, 1903

(Yol. II, p. 429), explained the object, proposed plan and topics
of the series, and discussed the educational value and place, the
useful books and the kinds of apparatus desirable for plant physi-
ology in the high school. In brief, it is my aim to treat as clearly
as I can from the teachers point of view those fundamental topics
in plant physiology indispensable to any good educational course in
botany, leaving it to the teacher to apply this material after the
manner dictated by his own best judgment.

Before entering upon the subject of the present paper, how-
ever, I would like to emphasize certain points which seem to me
of the highest importance. First, while I have the greatest sym-
pathy with any good work in botany, and while I realize fully the
limitations under which most teachers have to work, I must say that
I am decidedly convinced that any course in botany which does not
include a treatment of the fundamental physiological topics is
hopelessly incomplete, unrepresentative of the state of science, and
defective in its groundwork. It must include the elements of
physiology, or it is aborted; there is no alternative. And this is
not a matter of personal opinion or choice; it is something which
the state of the science has forced upon us. I hope the reader will
not so misunderstand me as to suppose that I am advocating physi-
ology in preference to other phases of the subject, for that is not the
case; I am simply claiming for it that share of attention demanded
both by its intrinsic importance and by its indispensability as a
groundwork for the correct understanding of the oilier phases of
the science.

Second, I would state that while I regard plant physiology as
a difficult subject for high school pupils to. understand (though
it is wholly within their comprehension when properly taught), so
far from viewing that as n reason why it should be omitted from a
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high school course, I consider it a prime reason why it should be
introduced. If high school education is aiming toward that goal
which some of our colleges appear to regard as their ideal, namely,
to use education as a means for keeping young people pleasantly
and usefully occupied while passing from youth to maturity; or, if
this science is introduced simply to help satisfy the growing public
demand for scientific education, but is to be used in such a way as
not to divert the students attention and energy from his studies in
the humanities, and mathematics; or, if the teacher does not under-
stand this subject and is unable or unwilling to learn it, then, in
any of these cases, I agree that the physiology, with other matters
of much difficulty, should be omitted, and only the easy parts of
the subject used. But if education is to develop, strengthen and
discipline the intellect, then is vigorous effort on the part of the
student essential, and plant physiology offers one of the most useful
of scientific disciplines, as it is one of the most illuminating of all
the kinds of scientific k-nowledge.

Third, I desire to emphasize this point in connection with ap-
paratus for plant physiology, that every effort should be made to
obtain accurately-working apparatus convenient for the special
purpose, while home-made or make-shift pieces should be used only
when the better can not be had. I am well aware that anyone who
may have read some of my earlier writings could cite very different
opinions expressed by me in the past, but I can only declare what is
my conviction now after further experience. Observation of many
students is leading me to see that much of the time and energy
spent by them in improvising apparatus, while not lost, is yet not
profitably spent, for they are expended upon purely mechanical
manipulation, leaving little opportunity for the study of phenom-
ena in the plants. It is mechanics, sometimes of a valuable, often
of a rather kindergarfcenish sort, but is not botany. But there is a
much more important objection to improvised apparatus than this,
namely, that the necessarily inexact and too often logically incon-
clusive results obtained from such make-shift apparatus inculcate
a very wrong ideal of scientific work, an ideal which it is very dif-
ficult later to correct. The very soul of the scientific method is
precision, and a loose method is wholly inconsistent with it and
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misleading. It is for these reasons I have for the past year or two
been directing my own work to the developing of more precise and
convenient apparatus for physiological experimentation, to be espe-
cially manufactured for the purpose and to replace those adapta-
tions of appliances made for other purposes of which our apparatus
has hitherto largely consisted. Descriptions of these pieces will
be found in the articles to follow.* Yet it is, without question, a
fact that the home-made or make-shift apparatus is much better
than none, and I shall also describe in these articles the best of such
pieces known to me.

The general method of teaching plant physiology to large
classes must necessarily be that of demonstration, and in the num-
ber of this journal for February, 1902, I have described my own
procedure, with which I have had good results. In brief, it con-
sists in four things: (1) in leading the students, partly through
recalling their earlier knowledge and partly through new informa-
tion, up to the point at which they see the logical need of the ex-

periment; (2) in setting up the experiment ah initio before them,
explaining first its general theory and then minutely the reason for
every step; (3) in requiring the students to observe and record the
results as if the experiment had been set up by them individually;
(4) in securing from each student a full note-book record of the
experiment, clearly setting forth (a) its object, (b) the methods
and their theory, and appliances used, with sketches of the latter,
(c) the exact results observed, (d) the general conclusions. These
records are, of course, examined and criticised by the teacher.

This combination of the demonstration and individual method
seems to me the only one practicable under usual conditions for ele-
mentary classes. For such demonstrations the apparatus used
needs to be of considerable size, and I have had this use in mind in
designing the new pieces later to be described. Furthermore, the
method necessitates the obtaining of only a single piece or set for
each experiment, and it can be used indefinitely. I have no doubt

*In order to make these pieces generally available, The Bausch & Lomb Optical Co.,
Rochester, N. Y., has agreed to undertake their manufacture, and to offer them for sale
at prices as low as possible. Further, this firm has also agreed to keep in stock all the
materials, chemicals, tools, etc., needed for work in plant physiology, including the simple
articles needed for constructing the home-made pieces.
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that the time is at hand when every botanical laboratory will pos-
sess, as a matter of course, a proper equipment for its demonstra-
tion-experiments in plant physiology, precisely as it now has one or
more microscopes. Indeed.v so far as expense is concerned, the en-
tire equipment need hardly cost more than a single good microscope.

I shall now take up with some fulness those fundamental
physiological topics essential to a symmetrical general course. in
botany, and shall try to treat them strictly in accordance with their
scientific and educational worth. The treatment, I may repeat,
is primarily for the teacher, who may use the outlines and experi-
ments with his pupils either in full, in part, or modified, as he finds
best. I regard, however, a treatment as full and thorough as that
here given for all of the topics as no more than the proper amount
and bind of plant physiology for an elementary course in botany
given in either of the two upper years of the high school where
fair facilities are available and a competent teacher is in charge.
Wherever practical limitations prevent its present attainment, it
may form an ideal toward which to work.

2. PHOTOSYNTHESIS.

(Assimilation, in part; carbon assimilation; photosynthetic assimila-
tion; food-manufacture.)

Of all the physiological processes of plants, this is by far
the most important, not only because of its consequences to the life,
even to the very existence, of both plants and animals, but also be-
cause of its fundamental effects upon plant-form and habit. It is,
therefore, desirable to consider it first among the physiological
topics.

The cardinal points in this process are the following:
(1). The prevalence of green among plants^ constituting

their most distinctive characteristic.

(2). The green (chlorophyll) distributed in plants in ac-
cordance with their exposure to light.

(3). In presence of chlorophyll and light, a special sub-
stance (typically a sugar, frequently transformed
to starch) is made.
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(4). This substance (the photosynthate) permanently
adds substance to the green plant.

(5). It is the basis of all plant (and hence animal) sub-
stance and is the true plant food. [Food as a source
of energy is treated later under Eespiration.]

(6). It usually ’and typically has the composition^
CgH^Oe, or some related formula.

(7). The source of the carbon supply is the carbon diox-
ide of the atmosphere; of the hydrogen and oxygen, it,

is the water absorbed by the plant.
(8). Oxygen is eliminated in the process, in the propor-

tion 6 (CO,) +6 (H,0) =CeH,A+6 (0,).
(9). The dissociation of the stable carbon dioxide or

water (or both), implied by elimination of oxygen,,
requires expenditure of much energy.

(10). Chlorophyll transforms (and perhaps applies) the
energy in light for this work.

Of these points, the Nos. 3, 4, 7, 8, 10 are to be studied by ex-

periment; the others rest upon observation, or upon evidence to be
supplied to the students.

The best methods I have been able to develop for treating these
subjects are those now to be described. After the full treatment of
the subject with the class, an outline is given them as a guide to the’
full exposition of the subject which they are required to make.
This outline, substantially as used with my own students during the
present year, here follows. They are college students, it is true,
but they are all beginners, and many of them are freshmen, and
hence little in advance of the upper years of the high school. The-
treatment of the entire matter in this outline occupies about a
third of the time of the class for some four weeks, including an
hour a week with the class assembled, about an hour a week for
individual observation, drawing, etc., and about another hour of
writing and study. They are, of course, studying at the same time-
the other structural subjects usual in a laboratory course.
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[OUTLINE SUPPLIED TO STUDENTS.]
WHAT ABE THE ESSENTIAL FACTS AND PHENOMENA IN THE

PROCESS OF PHOTOSYNTHESIS?
Using the following outline as a guide, write in your note books a

concise account of photosynthesis, incorporating in their proper places
clear accounts of the experiments.

Accounts of all experiments should bring out clearly,�
a. Object of the experiment.
b. Exact method adopted, and its theory, with description and

sketches of the apparatus used, and reasons for the various
steps.

c. Exact results as you see them.
d. Your conclusions.

The most distinctive and important characteristic of plants;
-where chlorophyll occurs in the plant, and its physical nature; dif-
ferences observable between leaves kept in light and in darkness;
substance formed in the light. These considerations suggest some
very close connection between the formation of the substance
formed in light, typified by starch, and the presence of light, and
the question arises: Is light indispensable to the formation of the
substance (starch) ? This may be answered by Experiment 1.

EXPERIMENT 1. Cover a leaf of a green plant, previously kept for
two days in the dark, with tin foil, leaving another beside it uncovered ;
also partially cover another leaf of the same plant with tin foil in which
some pattern, matching above and below the leaf, has been cut. Expose
this plant to bright light for an entire day, and at sunset remove the
leaves, blanch them of chlorophyll in hot alcohol, and place them in a
solution of iodine which will turn all starch blue and thus render it
visible. Compare the results shown by the lighted and darkened leaves.

Nature and importance of "the substance formed (photo-
synthate). This suggests that it is the source of increase of sub-
stance in the plant, and the question arises: Does the formation
of the photosynthate result in an increase of substance in the plantf
This may be answered by Experiment 2.

EXPERIMENT 3. Take three sets of 100 seeds of a small hardy plant
and weigh them, making the weights equal. Grow two of the sets by
water culture, one in light, and the other in darkness beside it, until the
limit of growth has been reached in one or the other set. Then dry
both sets with the set of seeds in a water bath until no more moisture
comes off, and weigh the three sets, comparing carefully the weighings.
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Composition of the photosynthate, and available sources of
supply of the elements composing it. These facts suggest that the
source of the indispensable carbon must be the carbon dioxide of
the atmosphere, and the question arises: Do plants in photo-
synthesis absorb carbon dioxide from the atmosphere? This may
be answered by Experiment 3.

EXPERIMENT 3. Enclose two similar green plants, or parts of them,
in similar glass jars so arranged that a definite percentage of carbon
dioxide may be added to the air of each, and a sample of the air may be
removed at the close of the experiment for analysis. Expose one of the
plants for a day to light and keep the other in darkness beside it. At
sunset remove samples of the air from each, and test the percentage of
carbon dioxide in each.

Comparison of the formula of the photosynthate with the
formulae of carbon dioxide and water. The surplus elements thus
shown suggest the question: Is oxygen eliminated in photosynthe-
sis? This may be answered by Experiment 4.

EXPERIMENT 4. For this the samples of air obtained in Experiment 3

are available. After applying the test for the percentage of carbon
dioxide in that experiment, apply to the same tubes a test for the per-
centage of oxygen present.

The separation of free oxygen shows a dissociation of the stable
carbon dioxide or water or both, which requires expenditure of
much energy; the dependence of the process upon chlorophyll and
light suggests that light may supply the energy through the inter-
mediation of the chlorophyll, and the question arises: Does chloro-
phyll in any way affect the energy in the sunlight? This may be
answered by Experiment 5.

EXPERIMENT 5. Prepare a clear alcoholic solution of chlorophyll, and
by means of the spectroscope analyze the light passed through it in com-
parison with light not so passed, and note the necessary conclusion.

[End of the Outline.]

We shall now consider practical procedure leading up to the
use of the foregoing outline, the manipulation of the experiments,
and diverse related matters.

(To be continued.}


